INTRODUCTION
Due to the fast population aging, a concern related to the development of suitable materials for bone replacement is continuously arising. 1, 2 Specifically, the aim of current investigations is to develop orthopaedic implants that can stand for longer periods of time or even the entire lifetime F o r P e e r R e v i e w 3 without failure or need for a revision surgery. 3 These orthopaedic implants must therefore show bio-and mechanical-compatibility with bone. The ideal implant material should not cause any foreign-body inflammatory response, the growth of microorganisms should be suppressed, and it should be non-toxic, non-allergenic and non-carcinogenic. 4 From the mechanical point of view, there are several issues having an impact on the selection of suitable permanent biomaterials.
Namely, the candidate material must possess high strength, high hardness, high elastic strain limit, and relatively low Young's modulus to avoid the occurrence of the so-called stress shielding effect. [5] [6] [7] This phenomenon, which occurs when the Young's modulus of the permanent implant differs significantly from the Young's modulus of bone, can ultimately lead to implant loosening. Traditionally, 316L austenitic steel, Co-Cr and Ti alloys have been employed in the biomedical field. 6 Thus, Ti and its alloys have become the most promising engineering materials because they combine high strength with relatively low Young's modulus, reduced stiffness and rather low density (4.5 g/cm 3 ). In addition, they show good biocompatibility and good corrosion resistance, in many cases superior to those of conventional steel and Co-Cr alloys. 8 So far, the mostly used Ti-based alloys are Ti-6Al-4V (composed of α and β phases) and (composed of β phase). 1, 5, [9] [10] [11] Both materials have found applications in many medical devices as biomaterials for orthopaedic implants because of their outstanding mechanical properties. 3 Nevertheless, these alloys face some undesired and unsolved problems. Ti-6Al-4V contains aluminium, which is known to cause certain bone diseases and neurological disorders. 13 and vanadium may become toxic at excessive concentration levels. The toxicity of vanadium is wellknown, and can be exacerbated if the implant fractures and undergoes subsequently fretting. 4 Another major concern of Ti-6Al-4V is the mismatch between its Young's modulus (E = 110 -120 GPa) and that of bone (E = 10 -30 GPa) 14 that, as aforementioned, can cause implant failure. 15 In spite of the exceedingly low stiffness, Ti-40Nb shows good biocompatibility and possesses lower Young's modulus. [15] [16] [17] [18] [19] Therefore, it is of outmost importance to further search for novel bulk Ti-based materials which satisfy: (i) chemical composition containing neither toxic nor allergenic elements, and (ii) suitable microstructures that promote the targeted mechanical properties. In recent years, bulk metallic glassy alloys based on titanium have been developed. [20] [21] [22] [23] [24] The progress in the design of bulk metallic glasses has also led to progress in the development of new in situ formed nano-scale structured materials, which may exhibit even better mechanical performance than bulk metallic glasses (BMGs) and/or traditional commercial Ti-based alloys. 25, 26 Although it is known that BMGs exhibit high strength and large elastic strain, they usually fail catastrophically by the fast propagation of shear bands, leaving zero global plastic strain under tension. Therefore, second phase particles are in-situ or ex-situ introduced to reinforce the metallic glass matrices and arrest the shear bands, leading to bulk metallic glass composites. 27 In turn, composites made of nanocrystalline phases can exhibit very large hardness (due to dislocation pile-up at grain boundaries) and high plasticity (particularly when additional deformation mechanisms are activated such as intergranular grain boundary sliding). 28 is much cheaper than Pd and it is a well-known non-toxic and non-allergic element. 30 Besides, addition of Nb promotes the formation of β-phase because it belongs to the β-stabilizer elements. 31 In general, an increase in the amount of β-phase causes a decrease of the Young's modulus, an improvement of the alloy formability and an enhancement of the corrosion resistance. 32 Indeed, β-Ti alloys are better suited for biomedical applications than α-Ti alloys.
Finally, it has been reported that Nb can be alloyed to Ti in order to reduce the Young's modulus without compromising the strength. 33 
MATERIALS AND METHODS
Master alloys with composition Ti 45 Zr 15 Pd 35-x Si 5 Nb x (where x = 0 and 5 at. %) were prepared by arc melting a mixture of the highly pure elements (> 99.99% wt. %) under a Ti-gettered Ar atmosphere on a water cooled Cu heart. Rods of 3 mm in diameter were obtained from the melt by suction casting into a Cu mould. The microstructures of as-cast samples were examined using a scanning electron microscope (SEM Zeiss Merlin), equipped with an energy dispersive X-ray detector (EDX, Oxford Instruments, INCA system). The samples were structurally characterised by X-ray diffraction (XRD) (Philips X'Pert diffractometer with monochromatic Cu-K α radiation).
MAUD (Material Analysis Using Diffraction) software based on the Rietveld method was applied to calculate lattice parameters and phase percentages from powder XRD. Transmission electron microscopy (TEM) (JEOL JEM 2011, 200 kV) was used for microstructure observations. Samples for TEM imaging were mechanically pre-thinned to 80 µm and afterwards 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 indentations with maximum applied loads of 250 mN and 3 mN, respectively, were carried out to probe both the average and local mechanical behaviour of the samples and to verify the accuracy of the indentation data. Prior to the nanoindentation tests, the specimens were carefully polished to mirror-like appearance using diamond paste. The method of Oliver and Pharr was used to determine the hardness and the reduced Young's modulus. 36 Finally, the elastic/total indentation energies were also calculated. The total mechanical work done by the indenter during loading, U tot , was calculated from the area enclosed between the loading indentation segment and the displacement axis. This energy is the sum of the elastic, U el , and the plastic, U pl , energies:
where U el is obtained from the area enclosed between the unloading segments and displacement axis. [37] [38] [39] The elastic recovery and plasticity index were evaluated from the U el /U tot and U pl /U tot ratios, respectively. The mechanical and elastic properties were compared with those of commercial Ti-40Nb alloy. Electrochemical tests were carried out at 37 ºC in a three-electrode cell filled with 100 ml Hank's solution, connected to an Autolab PGSTAT 302N. A Ag/AgCl, KCl (3M) (E = +0.210 V versus NHE) electrode, a platinum spiral and the sample were used as the reference, the counter and the working electrode, respectively. A copper wire was welded to 21 (50, 
RESULTS AND DISCUSSION

Microstructure
The XRD patterns of the as-cast (a) Ti 45 (Figure 3(a,c) ) indicates that the light grey precipitates (zone A) are rich in palladium, whereas the black precipitates (zone B) are enriched in Zr, Si (and Nb in case of Ti-Zr-Pd-Si-Nb sample) (see Table I ). Ti is almost equally 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   10 distributed everywhere, although a larger amount was found in the dark grey region (zone C) (Table I) . On the other hand, the EDX mapping of eutectic regions in Ti-Zr-Pd-Si-(Nb) alloys (Figure 3(b, d) ) reveals that the interfaces between the eutectic domains (zone D) are rich in Zr, whilst larger amounts of Si (and Nb in case of Ti-Zr-Pd-Si-Nb sample) are concentrated within the eutectic lamellae (zone E). Unfortunately, for this sample, the EDX spot analyses were not conclusive because of its fine microstructure, so that very similar element percentages were observed in both regions, this is, the interfaces between the eutectic domains and eutectic lamellae. Taking XRD and EDX results of Ti-Zr-Pd-Si-(Nb) system into account, the following considerations can be made. As for the Ti 45 Zr 15 Pd 35 Si 5 alloy is concerned, zone A likely corresponds to TiPd phase with Zr in solid solution. This is supported by both the smaller cell parameter of the TiPd phase compared with the tabulated value and the moderate content of Zr determined by EDX (Table I) . Besides, zone B could be assigned to (Ti, Zr) 5 Fig. 4(b) ). Zoomed details of the bright and dark regions suggest that the former is actually composed of α-Ti and β-Ti phases whereas TiPd phase is present in the dark region. The crystal enclosed in the white box of the HRTEM image of Figure 4 Ti-40Nb alloys, as can be deduced from (P-h) curve from the smallest values of penetration depth using force of 250 mN ( Figure 5 ). It is worth mentioning that the hardness of hinder the dislocation motion and increase the stress concentration and dislocation pile up at the grain boundaries, ultimately leading to increased hardness. 41 Niobium is considered to be the strongest beta stabilizer, effectively decreasing Young's modulus of titanium alloys. 42 In fact, the Young's modulus of commercial Ti-40Nb, composed only of β -Ti, is the lowest among the examined alloys. According to Abdi et al., 43 addition of Nb to (Ti,Zr) 5 Si 3 phase causes a local decrease of E r as compared to the Nb-free alloy. This is to some extend expected since the Young's modulus of Nb is lower than that of Ti.
Listed in Table II almost twice larger than those of Ti-40Nb. In fact, the elastic recovery, U el /U tot , is also higher in the new Ti-Zr-Pd-Si-(Nb) system. Hence, these materials would be more resistant to impact loading than Ti-40Nb. 46 With the aim to study the contribution of the individual phases or regions, to the overall mechanical response, nanoindentation tests applying a maximum load of 3 mN were carried out for Ti 45 Table IV. SEM images of representative indents on each region are presented in Figure 6 (a)-(d). The size of indents is different, being that on the zone B (Figure 6b) , the smallest. The values of hardness for the light grey precipitates (Figure 6a ), black precipitates (Figure 6b ) grey area between the eutectic domains ( Figure 6c ) and eutectic lamellae (Figure 6d) , are equal to 8.9 GPa, 13.7 GPa, 10.1 GPa and 9.7 GPa, respectively (Table IV) . The black precipitates are mechanically harder presumably due to the presence of the intermetallic (Ti,Zr) 5 Si 3 phase. In fact, the hardness of (Ti, Zr) 5 Si 3 phase has been reported to be 13.7 GPa in Abdi's study. 43 Besides, comparable hardness values were reported by Mitra. 47 Nevertheless, depending on the crystal size the values can slightly vary. For instance, hardness of 12.7 GPa stands for crystal size between 5 to 10 µm, while for smaller crystals (1-2 µm), the hardness values increase up to 17.2 GPa. 47 On the contrary, the hardness of the light grey precipitates (TiPd phase) and eutectic lamellae (phase mixture), are the lowest among all phases (Table IV) . Additional consideration can be made on the Young's modulus of white precipitates (TiPd phase) and eutectic lamellae. According to the literature, the calculated Young's modulus of Ti-Pd phase is 80 GPa. 48, 49 However, this value increases when it comes to the light grey precipitates region (104 GPa), composed of TiPd phase.
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